This paper presents hybrid differential evolution DE and sequential quadratic programming SQP for solving the dynamic economic dispatch DED problem for generating units with valvepoint effects. DE is used as a global optimizer and SQP is used as a fine tuning to determine the optimal solution at the final. The feasibility of the proposed method is validated with five-and ten-unit test systems. Results obtained by DE-SQP method are compared with other techniques in the literature.
Introduction
The primary objective of the static economic dispatch SED problem of electric power generation is to determine the optimal schedule of online generating units' outputs so as to meet the load demand at a certain time at the minimum operating cost under various system and generator operational constraints. Plant operators, to avoid life-shortening of the turbines and boilers, try to keep thermal stress on the equipments within the safe limits. This mechanical constraint is usually transformed into a limit on the rate of change of the electrical output of generators. Such ramp rate constraints link the generator operation in two consecutive time intervals. Optimal dynamic dispatch problem is an extension of SED problem which is used to determine the generation schedule of the committed units so as to meet the predicted load demand over a time horizon at minimum operating cost under ramp rate constraints and other constraints see . Since the ramp rate constraints couple the time intervals, the optimal dynamic dispatch problem is a difficult optimization
Formulation of the DED Problem
The objective of the DED problem is to determine the generation levels for the committed units which minimize the total fuel cost over the dispatch period 0, T , i power balance constraint:
ii generation limits:
iii generating unit ramp rate limits:
where N is the number of committed units; T is the number of intervals in the time horizon; P t i is the generation of unit i during the tth time interval t − 1, t ; D t is the demand at time t i.e., the t-th time interval ; UR i and DR i are the maximum ramp up/down rates for unit i; P min i and P max i are the minimum and maximum capacity of unit i, respectively. The fuel cost of unit i considering valve-point effects can be expressed as
where a i , b i , and c i are positive constants, and d i and e i are the coefficients of unit i reflecting valve-point effects.
The B-coefficient method is one of the most commonly used by power utility industry to calculate the network losses. In this method, the network losses are expressed as a quadratic function of the unit's power outputs that can be approximated by
where B ij is the ijth element of the loss coefficient square matrix of size N.
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Overview of Differential Evolution Algorithm
DE is a simple yet powerful heuristic method for solving nonlinear, nondifferentiable, and nonsmooth optimization problems. DE algorithm is a population-based-algorithm using three operators mutation, crossover, and selection to evolve from randomly generated initial population to final individual solution. The key idea behind DE is that it starts with an initial population of feasible target vectors parents and new solutions offsprings are generated by mutation, crossover, and selection operations until the optimal solution is reached. In the mutation operation, three different vectors are selected randomly from the population and a mutant vector is created by perturbing one vector with the difference of the two other vectors. In the crossover operation, a new trial vector offspring is created by replacing certain parameters of the target vector by the corresponding parameters of the mutant vector on the bases of a probability distribution. In DE, the competition between the parents and offspring is one to one. The individual with best fitness will remain till the next generation. The iterative process continues until a user-specific stopping criterion is met. DE algorithm has three control parameters, which are differentiation or mutation factor F, crossover constant CR, and size of population N P . According to Storn and Price 32 , the basic strategy of DE for m-dimensional optimization problem can be described as follows.
1 Initialization: generate a population of N P initial feasible target vectors parents
where s 1 is uniform random number in 0, 1 ; x min j and x max j are the lower and upper bounds of the jth component of the target vector.
2 Mutation: let
is generated according to the following:
with randomly chosen integer indexes r 1 , r 2 , r 3 ∈ {1, 2, . . . , N P }.
3 Crossover: according to the target vector X G i and the mutant vector V
where j 1, 2, . . . , m, i 1, 2, . . . , N P and rand j is the jth evaluation of a uniform random number generator between 0, 1 . CR is the crossover constant between 0, 1 which has to be determined by the user. rnb i is a randomly chosen index from 1, 2, . . . , m which ensures that U G 1 i gets at least one parameter from V G 1 i 32 .
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4 Selection: This process determines which of the vectors will be chosen for the next generation by implementing one-to-one competition between the new generated trial vectors and their corresponding parents. The selection operation can be expressed as follows:
where i 1, 2, . . . , N P and f is the objective function to be minimized. The value of f of each trial vector U G 1 i is compared with that of its parent target vector X G i . If the value of f, of the target vector X G i , is lower than that of the trial vector, the target vector is allowed to advance to the next generation. Otherwise, the target vector is replaced by a trial vector in the next generation. Thus, all the individuals of the next generation are as good as or better than their counterparts in the current generation. The above steps of reproduction and selection are repeated generation after generation until some stopping criteria are satisfied.
In this paper, we define the evaluation function for evaluating the fitness of each individual in the population in DE algorithm as follows:
where λ is a penalty value. Then the objective is to find f min , the minimum evaluation value of all the individuals in all iterations. The penalty term reflects the violation of the equality constraint. Once the minimum of f is reached, the equality constraint is satisfied. Also, the generation power output of each unit at time t should be adjusted to satisfy the following constraints which combine constraints 2.3 and 2.4 as 
Sequential Quadratic Programming
SQP method can be considered as one of the best nonlinear programming methods for constrained optimization problems. It outperforms every other nonlinear programming method in terms of efficiency, accuracy, and percentage of successful solutions over a 6
Mathematical Problems in Engineering large number of test problems. The method closely resembles Newton's method for constrained optimization, just as is done for unconstrained optimization. At each iteration, an approximation of the Hessian of the Lagrangian function is made using Broyden-FletcherGoldfarb-Shanno BFGS quasi-Newton updating method. The result of the approximation is then used to generate a quadratic programming QP subproblem whose solution is used to form a search direction for a line search procedure. Since the objective function to be minimized is nonconvex, SQP ensures a local minimum for an initial solution. SQP has been combined with stochastic optimization techniques to constitute hybrid methods for solving the DED problem with nonsmooth cost functions see 9, 22 . In this paper, DE is used as a global search and finally the best solutions obtained from DE is given as initial condition for SQP method as a local search to fine-tune the solution. SQP simulations are computed by the fmincon code of the MATLAB Optimization Toolbox.
Simulation Results
In this paper, to assess the efficiency of the proposed DE-SQP method, two case studies 5 units with losses and 10 units without losses, resp. of DED problems have been considered in which the objective functions are nonsmooth. In each case study, the simulation parameters chosen are population size N P 60, maximum iteration G max 20000, mutation factor Mathematical Problems in Engineering 7 
Five-Unit System
This example presents an application of the DE-SQP method to the DED problem consisting of five units with valve point effects and transmission line losses. The technical data of the units are taken from 17 . The optimal solution of the DED problem among 30 runs is over, for example, 24 h T 24 , and is given in Table 1 .
Ten-Unit System
This example presents an application of the DE-SQP method to the DED problem consisting of ten units without losses. The data of the ten-unit system are taken from 9 . The optimal solution of the DED problem is over, for example, 24 h T 24 , and is given in Table 2 . Comparisons between our proposed method DE-SQP and other methods for both examples five units with losses and ten units without losses are given in Table 3 . It is observed that the proposed method reduces the total generation cost better than the other methods reported in the literature. These methods can be classified into 1 heuristic methods such as pattern search 23 , particle swarm optimization 17 , differential evolution 18 , evolutionary programming 9 , and modified differential evolution 20 , 2 mathematical programming-based methods such as sequential quadratic programming 9 , and 3 hybrid methods such as hybrid evolutionary programming and sequential quadratic programming 9 , and hybrid particle swarm optimization and sequential quadratic programming 30 . Moreover, it is observed that the transmission line losses calculated by our method are smaller than those of other methods. For more details about these methods and their way of working we refer the reader to the review paper 6 .
Conclusion
This paper presents hybrid method, combining differential evolution DE , and sequential quadratic programming SQP for solving the DED problem with valve-point effects. At first we, applied DE to find the best solution, then this best solution is given to SQP as an initial condition to fine-tune the optimal solution at the final. The feasibility and efficiency of the DE-SQP method are illustrated by conducting two examples consisting of five and ten units with valve-point effects, respectively. Our results are compared with other methods. It has been shown that our proposed methods give less cost than other methods reported in the literature.
